The eicosanoid Leukotriene B4 (LTB4) relays chemotactic signals to direct neutrophil interstitial migration through its receptor, BLT1. However, whether the LTB4-BLT1 axis relays signals during intravascular neutrophil response has not been addressed. Here, we report that LTB4 produced by neutrophils acts as an autocrine/paracrine signal to drive neutrophil recruitment, arrest, and extravasation during infection in living mice. Using Intravital Subcellular Microscopy (ISMic), we reveal that LTB4 elicits sustained cell polarization and adhesion response during neutrophil arrest in vivo. Specifically, LTB4 signaling coordinates the dynamic redistribution of non-muscle Myosin IIA (NMIIA) and b2-integrin (Itgb2), whose retention at the cell surface facilitates neutrophil arrest. Notably, we also found that inhibition of the machinery regulating exosomes release from the cell blocks the autocrine/paracrine LTB4-dependent extravasation response. Overall, our study reveals a critical function for LTB4 in promoting neutrophil communication in the vasculature during early inflammation response.
INTRODUCTION
Neutrophils are the first mediators of innate immune responses 1, 2, 3 . As they start their journey to reach sites of inflammation/injury, neutrophils in blood vessels respond by rolling on and adhering to the endothelium, and extravasating into the interstitium (transendothelial migration or diapedesis) 2, 4 , where they migrate directionally by sensing chemotactic gradients. Neutrophils respond to primary chemoattractants, such as formylated peptides and Complement 5a (C5a), by producing the lipid mediator LTB4 through the activity of the 5-lipoxygenase Alox5 3, 5, 6 . LTB4 acts on its cognate receptor BLT1 to relay chemotactic signals to neighboring neutrophils, thereby broadening their recruitment range to inflamed/injured sites 7, 8 , where neutrophils engage with the microenvironment, secrete a variety of molecules, and help recruit other immune cells, to promote host defense in a timely manner 1 . When finished with their task, neutrophils die either at the injury site or after migrating back to the bone marrow 8,9 . LTB4 is considered to be one among several chemoattractants that contribute to neutrophil arrest and extravasation from the vasculature 10 . Studies in mice that do not produce LTB4 (Alox5 -/-) or lack its receptor (Blt1 -/-) have highlighted the critical role of the LTB4-BLT1 axis in mobilizing neutrophils and other myeloid cells across the blood vessel in multiple models of injury. However, whether the LTB4 generated by neutrophils is necessary and sufficient to elicit the cascade of events that leads to their extravasation in response to infection remains to be determined. To this end, we used an in vivo model system based on the use of ISMic, which allows the imaging of dynamic biological processes in live animals at subcellular resolution 11, 12 . Here, we report (i) a crucial role for neutrophil-derived LTB4 in regulating the dynamics of the key regulators NMIIA and Itgb2; and (ii) that the LTB4-mediated autocrine/paracrine signaling pathway, which promotes neutrophil arrest and extravasation responses in vivo, is blocked by treatments that inhibit the release of exosomes from the cell.
A downstream target of LTB4 signaling in neutrophils stimulated with primary chemoattractant is the actin-based motor NMIIA 7, 14 . To determine if NMIIA activation is required for neutrophils extravasation, we inhibited Rho Kinase (ROCK), a key enzyme that controls the activation and assembly of NMIIA filaments by phosphorylating two residues (S19 and T18) on the myosin light chain 15 . We found that pretreatment of WT neutrophils with the ROCK inhibitor Y27632 15 significantly reduced their arrest and extravasation response in the infected Alox5 -/mouse footpad, when compared to vehicletreated neutrophils ( Figs. 2A & 2B) . This finding prompted us to assess whether the LTB4-BLT1 axis also regulates NMIIA dynamics during neutrophil arrest and extravasation in vivo. Neutrophils were purified from a knock-in mouse expressing GFP-NMIIA 16 and treated with either the vehicle or MK886, a covalent non-reversible inhibitor of the 5lipoxygenase adapter protein (FLAP) 17 with our observations in Alox5 -/neutrophils. Next, we used ISMic to (i) visualize GFP-NMIIA dynamics in neutrophils that displayed arrest within the vasculature, and (ii) score for its cellular distribution. We found that treatment with MK886 significantly prevented the redistribution of NMIIA from the cytoplasm to the cell cortex that we observed in vehicle-treated neutrophils (Figs. 2E, 2F & S1; Movie S5). This finding established that LTB4 signaling in neutrophils is required for the polarized redistribution of NMIIA in vivo.
We also attempted to address whether F-actin dynamics are regulated by the LTB4signaling axis within neutrophils, using neutrophils derived from a mouse expressing the F-actin probe GFP-Lifeact 18 . Unfortunately, although GFP-Lifeact neutrophils exhibited rolling and adhesion along the blood vessels, they were defective in their extravasation response in vivo, suggesting a possible inhibitory effect of this probe (not shown). Overall, we conclude that the LTB4-BLT1 axis promotes the dynamic and polarized redistribution of NMIIA to aid neutrophil arrest and extravasation response to infection.
We next sought to address how NMIIA controls arrest and extravasation in neutrophils. Leukocytes adhesion to blood vessels is regulated by the interaction between Itgb2 expressed on their plasma membrane (PM) and adhesion molecules expressed on the endothelial surface (e.g., ICAMs). Consistent with this idea, Itgb2 -/neutrophils, when introduced in Alox5 -/mice, displayed severe defects in arrest and extravasation in response to infection (Figs. 3A & 3B), similar to Alox5 -/neutrophils (Figs. 1E & 1F). We therefore hypothesized that the LTB4-BLT1-myosin pathway regulates the localization and dynamics of Itgb2 at the PM to promote its engagement with the ICAM1/2 on the endothelium. To this end, we incubated purified WT and Alox5 -/neutrophils with a fluorescently-conjugated antibody directed against Itgb2 (M18/2 clone) and introduced them into infected Alox5 -/mice to directly visualize Itgb2 in neutrophils. The antibody bound specifically to Itgb2 ( Fig. 3C ) and did not impact the extravasation response of neutrophils that transiently arrested in the blood vessels and did not extravasate, Itgb2 was primarily confined to an intracellular pool and failed to redistribute to the cell periphery (Figs. 3E & 3F; Movie S6). A similar defect in Itgb2 redistribution was observed in WT neutrophils that were pre-treated with the ROCK inhibitor Y27632 (Fig. 3F ). These findings suggest that NMIIA activation via LTB4 signaling contributes to the dynamic redistribution and localization of Itgb2 on the neutrophil PM, to facilitate sustained interaction with the ICAMs on the endothelium.
The LTB4-BLT1 axis promotes adhesion, actomyosin polarization and ITGB2
trafficking in primary human neutrophils LTB4 was first identified as a signal-relay molecule in promoting chemotaxis response of primary human neutrophils (PMNs) to primary chemoattractant 7 . Since we identified the LTB4-BLT1 axis as a key regulator of arrest and extravasation in mouse neutrophils responding to infection, we investigated if such a mechanism operates during PMN adhesion in response to primary chemoattractants. To this end, we plated PMNs on a fibrinogen-coated surface to promote adhesion response to chemoattractant stimulation. PMNs pre-treated with the vehicle, showed a progressive increase in their ability to adhere upon stimulation with the bacterial peptide analogue fNLFNYK ( Fig. 4A ).
However, pre-treatment with MK886 or LY223982, a BLT1 antagonist 19 , significantly reduced adhesion at later time points ( Fig. 4A) , without affecting the initial adhesion response. Importantly, the requirement of the LTB4-BLT1 axis for sustained PMN adhesion response was specific to end-target (fNLFNYK and C5a) but not intermediate (CXCL8) chemoattractants ( Fig. S2A) , consistent with the previously described signalrelay function for the LTB4-BLT1 axis during chemotactic migration 7, 14 . Furthermore, treatment with MK886 or LY223982 reduced cortical NMIIA and polarized F-actin distribution in PMNs (Figs. 4B & 4C). Therefore, the LTB4-BLT1 axis relays signals to promote actomyosin polarity and sustained adhesion of PMNs in response to primary chemoattractants.
Given the limitations of our IVM-based approach, we used time-lapse confocal imaging to study the dynamics of human Itgb2 (ITGB2) in PMNs. To this end, we used an Alexa 488-conjugated antibody to label ITGB2 (CTB104 clone, hereafter called fluorescent aITGB2) in PMNs. We found that, as the PMN responded to fNLFNYK stimulation by spreading, ITGB2 quickly redistributed from the PM into a ring-like structure at adhesion sites, where PMNs engaged with the substrate ( Additionally, we observed a significant increase in the number of ITGB2-containing vesicles (Figs. S2B & S2C). This finding prompted us to further investigate the regulation of ITGB2 trafficking by the LTB4-BLT1 axis in PMNs. In polarized vehicle-treated PMNs, we found that ITGB2 clusters largely localized at the PM facing the adhesion site ( Fig.   4FI ), as revealed by the quenching the fluorescence of the aITGB2 antibody following incubation with a cell-impermeant antibody directed against the fluorophore (Fig. 4FII ).
On the other hand, in MK886-treated PMNs most of the aITGB2 fluorescence showed a punctate intracellular distribution, which persisted after treatment with the quenching antibody ( Fig. 4FIII & 4FIV ). We next investigated the internalization and recycling of ITGB2 in PMNs. First, using inhibitors to specific endocytic pathways, we confirmed that the internalization of aITGB2 occurred via a clathrin-independent and dynamindependent endocytic pathway (Figs. S2D & S2E), as previously described 20 . Second, upon treatment with inhibitors of either the LTB4-BLT1 axis or ROCK, we found that the extent of internalized ITGB2 substantially increased (~3-4 folds), compared to the vehicle ( Fig. 4G ). Finally, we found that the extent of increase in the internalized ITGB2 corresponded to a block in the recycling of ITGB2 back to the PM, since only ~15% of the internalized ITGB2 was cleared upon inhibition of the LTB4-BLT1-myosin pathway, compared to 60% in the control (Fig. 4H ). Together, these findings show that in human neutrophils, the LTB4-BLT1-myosin axis promotes recycling of ITGB2 from an intracellular pool as well as its retention on the PM, which is consistent with our observations in living mice.
The autocrine/paracrine action of LTB4 relies on exosome production
The finding that the LTB4 produced by neutrophils is necessary for their extravasation in vivo prompted us to further investigate whether this process occurs in an autocrine/paracrine fashion. To this end, we assessed whether the defect in arrest and extravasation behavior observed in Alox5 -/neutrophils could be rescued by co-injection of WT neutrophils, which produce LTB4 ( Fig. S2F ). Under these conditions, we found that Alox5 -/neutrophils displayed robust rolling, arrest, and extravasation comparable to WT neutrophils (Figs. 5AI & 5B; Movie S8). Importantly, blocking LTB4 production in WT neutrophils using MK886 impaired the ability of WT neutrophils to rescue the Alox5 -/defect in rolling, arrest and extravasation (Figs. 5AII & 5B; Movie S8). We next sought to investigate whether LTB4 is packaged and released via exosomes, as described in neutrophils during LTB4-mediated chemotactic signal-relay in vitro 21 . Specifically, we investigated whether the small GTPase Rab27a and neutral sphingomyelinase (N-SMase) that were reported to regulate the release of exosomes from neutrophils 21 , contributed to their extravasation response in vivo. We found that treatment of WT neutrophils with the Rab27a inhibitor Nexinhib20 22 , prevented the arrest and extravasation, of both WT and Alox5 -/neutrophils in the co-injection model (Figs. 5AIII & 5B; Movie S8). A similar effect, was observed upon treatment with the N-SMase inhibitor GW4869 23 , which is also known to block exosome formation, but not the control drug 
DISCUSSION

Neutrophils respond to inflammation by sensing a combination of chemoattractants and
chemokines, which elicit a sequence of events in the vasculature that includes: engagement with ligands on the endothelial cells, adhesion, and extravasation 10, 25, 26 .
How chemoattractants production and action is spatio-temporally controlled in vivo has only begun to be appreciated, as revealed by recent reports in select mouse models [27] [28] [29] . In the present study, we used intravital microscopy in live mice, combined with specific in vitro assays involving PMNs, to investigate and unravel the specific role of the LTB4/BLT1 axis in controlling intravascular neutrophil dynamics in response to sterile bacterial infection. Using pharmacological and genetic tools, we found that a block in either LTB4 production or its receptor BLT1 inhibits neutrophil arrest and extravasation and co-adoptive transfer experiments revealed that LTB4 operates in an autocrine and/ or paracrine fashion. Importantly, inhibitors to the small GTPase Rab27a and N-SMase, which have been shown to regulate the release of LTB4-containing exosomes in neutrophils in vitro 21 , also reduced neutrophil rolling, arrest, and extravasation behavior in our co-adoptive transfer model, phenocopying the effects of the LTB4 inhibitor and underscoring the role for exosomes in amplifying the early neutrophil intravascular response to infection. We envision a scenario in which neutrophils release exosomes into the vasculature, in proximity to the site of inflammation. Based on the finding that exosomes have been found to harbor ITGB2 during inflammation 30 , we speculate that they would tether to the endothelium in an ITGB2-dependent fashion, and locally produce and release LTB4. LTB4 is then sensed in either an autocrine or paracrine fashion through the BLT1 receptor to promote sustained arrest and extravasation response (summarized in Fig. S3 ). Overall, our findings could bear important clinical relevance, as LTB4 production and exosome generation in neutrophils are intimately associated with the progression of diseases including tumor metastasis 31 and chronic inflammatory lung disorder 30 respectively.
Since LTB4 regulates neutrophil adhesion both in vivo and in vitro, we focused on the possible downstream targets, and among them NMIIA, the only member of the NMII family of actin-based motors expressed in neutrophils. During their response to inflammatory stimuli, neutrophils display a striking LTB4-dependent redistribution of NMIIA both in vivo and in vitro. Specifically, in rolling neutrophils, NMIIA is primarily restricted to the cytoplasm. As neutrophils arrest and prepare to extravasate, NMIIA rapidly redistributes to the cortex at the back of cells, posing the question as to how NMIIA is implicated in neutrophil extravasation. One possibility is that, as shown in migrating neutrophils in vitro, ROCK-mediated NMIIA contractile activity is required to retract the rear of the cell in coordination with the protrusive activity of the front, that is primarily controlled by dynamic F-actin formation 32 . Consistent with this model, we observed Factin accumulation at the protrusive front in PMNs in vitro, and NMIIA distribution to the back of murine neutrophils in vivo and PMNs in vitro. Therefore, NMIIA likely provides the contractile force required for neutrophils to squeeze through extravasation sites after arrest. However, our finding that NMIIA activity contributes to neutrophil arrest in vivo, prompted us to investigate its possible role in adhesion. Indeed, it has been proposed that NMIIA can regulate integrin-based adhesion stability during cell migration via different non-exclusive mechanisms 33 . In live mice, we demonstrated that neutrophil adhesion requires the key integrin Itgb2, which is consistent with its proposed role during neutrophil arrest 32, 43 . Importantly, we showed its dynamic redistribution from a dispersed intracellular pool to a defined area of the neutrophil surface that is juxtaposed to the endothelial wall of blood vessels, consistent with the observed distribution of LFA-1 in neutrophils transmigrating through endothelial cell layers in vitro 35 .
Although ISMic is a powerful approach that we have used in the past to track endocytic events in other systems 36, 37 , due to the depth of the field of view in the mouse footpad, we could not image the fate of the Itg2-containing intracellular structures with sufficient temporal and spatial resolution. However, complementary work using PMNs in vitro, which recapitulate most of the features of neutrophils adhesion and crawling, indicates that initially ITGB2 is rapidly redistributed from the PM to the adhesion site, where it forms an adhesion ring, that, as PMNs begin to migrate, is disassembled using a process that involves ITGB2 internalization (Fig. S3 ). In the initial step of adhesion, we could not resolve whether, ITGB2 clusters at adhesion sites through lateral diffusion or if it is rapidly internalized and recycled back to the PM at the bottom of the cells. We favor the latter explanation since inhibition of the LTB4-BLT1 axis resulted in: (i) a block in the formation of the ITGB2 adhesion structure; (ii) an increase in ITGB2 internalization; and (iii) in the inhibition of ITGB2 recycling to the PM (Fig. S3 ). Notably, these defects were phenocopied upon inhibition of NMIIA activation, thus strongly indicating a link between ITGB2 trafficking and NMIIA. Whether NMIIA activation directly promotes ITGB2 recycling or negatively regulates its internalization has yet to be determined. Interestingly, during T cell migration NMIIA and ITGB2 have been shown to directly interact to promote deadhesion 38 . However, NMIIA regulation of ITGB2 in vivo is likely to be indirect, since they are localized, respectively, to the rear and the front of arrested and extravasating neutrophils. Since NMIIA activity has been shown to be required for the maintenance of lipid microdomains on the neutrophil PM 39 , it is conceivable that NMIIA, at the rear of the cells, creates domains that limits ITGB2 internalization and recycling. This would force ITGB2 to internalize and rapidly recycle at the actin-rich front of the cells, thus confining its localization to adhesion sites. As the cells begin to extravasate and resume migration, the adhesion structures are disassembled by enhancing ITGB2 internalization. On the other hand, in the absence of the LTB4-BLT1 signal, NMIIA and F-actin controlled microdomains may not form, thus resulting in enhanced internalization and inhibition of overall ITGB2 recycling, possibly by diverting its trafficking to a slow recycling pathway.
The net result would be a reduction in ITGB2 levels at adhesion sites, leading to an impairment in stable arrest and, consequently, in neutrophil extravasation. Similar defects have been documented for LFA-1 and a3ß1 integrins, respectively, under different contexts 40, 41 .
Overall this study demonstrates a novel role for the LTB4-BLT1 signaling axis in neutrophil extravasation, which complements its already established role as a signal relay axis during neutrophil interstitial chemotaxis 7, 8 . Our combined in vivo and in vitro approaches provide a platform to dissect complex intracellular steps, involving the coordination of membrane trafficking events (ITGB2 recycling) and signaling (LTB4-BLT1 axis) with that of actomyosin dynamics, which together orchestrate the dynamics of neutrophil activities such as adhesion, extravasation and interstitial migration, that are fundamental to innate immune cell response.
MATERIALS AND METHODS
Mice
The following strains: 
Primary neutrophil isolation from mice and human samples
Mouse neutrophils were obtained from the bone marrows of front and hind limbs. Briefly, cells were flushed out using RPMI without phenol red medium (Invitrogen) supplemented with 1 mM HEPES (Gibco) and antibiotics (Gibco) (hereafter called RPMI medium) and filtered via a 40 µm cell strainer (Corning Inc.). Subsequently, red blood cells were lysed using ACK buffer (Gibco) for 30 secs, layered onto a discontinuous gradient of Histopaque 1077 (Sigma Aldrich) and Histopaque 1119 (Sigma Aldrich), in a 1:1:1 ratio as previously reported 42 . Neutrophils were isolated from the 1077/1119 Histopaques interface, rinsed and resuspended in RPMI medium. Human neutrophils (PMNs) were obtained from heparinized whole blood of healthy human donors by venipuncture, as part of the NIH Blood Bank research program and purified as reported previously 14 . Red blood cells were lysed by multiple rounds of exposure to hypotonic solutions (0.2% NaCl in water; 30 secs) followed by the addition of a neutralizing solution (1.6% NaCl in water), and then centrifugation. Isolated primary neutrophils were resuspended in RPMI medium and incubated on a rotator at room temperature (hereafter called RT) for further experimentation. All the inhibitor treatments and chemoattractant stimulation experiments in vitro were performed at 37° C. The recipient mice were anesthetized by an intraperitoneal injection of a mixture of 100 mg/Kg ketamine (VET One) and 20 mg/Kg xylazine (Anased LA; VET One). ~3-5 x 10 3 heat killed E. coli (~10-15 µl) were gently injected into the hind footpad, using a syringe equipped with a 33 G needle (TSK Laboratory), without damaging the blood vessels and the tissue. In experiments involving inhibitors or ISMic, the recipient mice underwent short-term anesthesia by isoflurane inhalation (Forane; Baxter Healthcare Corp.), infected with E. coli in the footpad and allowed to recover for 45 mins prior to the adoptive transfer of neutrophils along with the conjugated anti-CD31 antibody. In the case of LyzM-GFP mice, the anti-CD31 antibody was injected IV prior to anesthesia. One footpad was injected with saline as control, whereas the other was injected ~1 h after with E. coli.
Adoptive transfers and infection model
IVM and ISMic of the infected footpad
The infected footpad of anesthetized mouse was placed in a custom-designed holder to ensure stability, with the entire stage heated and maintained at 37° C during the entire imaging period. Imaging was performed by using an inverted laser-scanning two-photon 
Analysis of neutrophil recruitment kinetics in the infected footpad
The Z-stacks shown in Figures 1B and 1C 
Analysis of intravascular neutrophil behavior
First, we corrected for the motion artifacts due to heartbeat and respiration by applying to the raw time-lapse images a customized MATLAB function based on max crosscorrelation image registration algorithm 43 . Next, we determined the outline of the blood vessels for each time frame by segmentation of the maximal projections derived from the volume rendering of the aquired Z-stacks. Neutrophils contours were identified using a snake algorithm implemented with MATLAB scripts, as previously described 44, 45 , and they were overlaid to the max intensity projection of the blood vessels. To measure neutrophil velocity we used a manual tracking plugin in Fiji. To determine their position with respect to the blood vessels we calculated the overlap fraction (OF). For each cell at each frame, the OF was calculated as the area of the 2-D max projection of the cell overlapping with the segmented blood vessels divided by the total cell area. Neutrophils Figs. 2A and 2B , the % of cells that arrested and extravasated were scored manually from multiple FOVs in each ISMic imaging experiment.
Analysis of NMIIA and Itgb2 peripheral distribution index
We acquired Z-stacks (typically 8-12 stacks) at a frame rate of ~5-8 secs. Only neutrophils that displayed arrest behavior were considered for the time periods -0, 30, 60 and 90 secs of arrest within the blood vessel. In every frame, we identified the sections corresponding to a give cell and determined the cortical redistribution of either GFP-NMIIA or Itgb2 by assigning a value of 0 for a centrally distributed fluorescent signal within the cell, and 1 for a cortically distributed fluorescent signal at the cell periphery. For each cell, we averaged the scores determined in each section of the stack to the total number of stacks analyzed and the index for each cell analyzed is presented.
In vitro adhesion assay and the analysis of actomyosin polarity
Neutrophils (2 x 10 5 cells) were plated in 8-well chambers with a bottom coverglass coated with 100 µg/ml of fibrinogen (Lab-Tek; #1 NA). All the experiments were performed at 37˚ C. Cells were pretreated with vehicle (DMSO; 0.2% in volume) or specified inhibitors for 20 mins before stimulation with chemoattractants. Post stimulation, cells were gently washed with RPMI, fixed with 4% PFA and stained with DAPI (10 ng/ml) and rhodamine phalloidin (0.2 Units). For the analysis of cortical distribution of NMIIA, cells were permeabilized with a buffer (0.5% Saponin and 0.5% Triton X 100, both from Sigma Aldrich) for 5 mins at 37˚ C, followed by staining with anti-NMIIA antibody (in 1% FBS containing PBS) overnight at 4˚ C and thereafter with a secondary antibody for 2 h in RT. antibody for 15 mins. Cells were gently washed with RPMI and either fixed or incubated for an additional 45 min in RPMI containing fNLFNYK (with or without inhibitor) to allow ITGB2 recycling. Cells were then fixed and the aITGB2 signals on the PM quenched as described above. The number of internalized fluorescent vesicles were determined using the Imaris spot detection method as described above. Results are presented as the % difference in the detected fluorescent vesicles to that of 15 mins time point.
Analysis of ITGB2 vesicle trafficking in vitro
Quantification and Statistical analysis
Microsoft Excel was used for calculations, the results were plotted and analyzed using Prism (GraphPad Software, Inc.). Statistical tests for each graph and the size of the samples are described in the respective figure legend. In the graphs, p value less than 0.05, 0.01, 0.001 and 0.0001 are represented with *, **, *** and **** respectively. 
Figure legends
